Abstract This paper presents separation results of a mixture of nitrogen, argon and krypton ions in the process of plasma-optical mass separation on the POMS-E-3 separator model. We determined the behavior of the separation with a change in the value of magnetic field induction in the azimuthator and in the degree of compensation of the spatial charge in ion flows. An analysis is performed for experimental data by correlation with the results of a theoretical study and numerical experiments. The objectives of future experiments are outlined.
Introduction
Currently, electronics and the nuclear power industry dictate the need to obtain and use isotopes of chemical elements and separate elements or groups of elements on an industrial scale. In this context, it is also necessary to seek, in addition to the existing electromagnetic method of obtaining "pure objects" (for reference, see, e.g., Refs. [1, 2] and the review Ref. [3] ), a universal, much more effective technique for the separation of multicomponent mixtures. Plasma methods of mass separation have become good candidates for this purpose; in contrast to the electromagnetic method, they are free from limitations caused by the influence of a space charge in the ion flow. This idea is implemented by extracting the necessary particles either 1) from the plasma of a working gas produced by some method in a region with the electromagnetic fields necessary for separation, or 2) from quasi-neutral plasma flows where a plasma accelerator is used as the plasma source.
The most familiar methods of the former approach include the separation (in the process of resonance interaction) of ions by external electromagnetic radiation, i.e. a device using ion cyclotron resonance [4, 5] , and various modifications of a plasma centrifuge. The possibility of using plasma centrifuges was pointed out in Ref. [6] , where a centrifugal trap was suggested. This idea was developed further by the introduction of a mass filter [7] , the DIS-1 device [8] operated in the collisionless regime and a centrifuge [9] operated in the collision-dominated regime. The separation of isotopes came to be feasible in the case of ion resonance heating. The attenuation of Bernstein waves, for example, furnished an opportunity to identify the 39 K + ion (the main isotope) as well as 41 K + , whose content in natural matter is an order of magnitude lower [4] ; the extraction coefficient for the lithium isotope 6 Li in the separation product in the "Siren" device was 60 [10] .
The intensification of efforts to develop further the plasma methods of mass separation in the 2000s is associated with the emergence of the idea of separating spent nuclear fuel into two parts (transuranium elements and fission products) [11−14] . The research efforts of the "Archimed" group are most advanced as regards this range of problems [11] . The device of the same name, a plasma centrifuge, was used to obtain a 20-fold decrease in the content of the heavy fraction of the flow of weakly radioactive waste fuel in the light portion collected on the collectors at a rate of 0.25 g/s. Of course, there is still a long way to go to achieve an industrial version of the plasma mass separator.
The other direction of plasma separation (where target elements and groups of elements are extracted from quasi-neutral stationary plasma flows where the plasma accelerator is used as the plasma source) has come to be known as "plasma-optical mass separation" [15] . A.I. Morozov's idea is being implemented by two groups, namely by the authors of this paper and a team of researchers from the Joint Institute for High Temperatures, RAS [16] . Calculations within a collisionless approximation [16] showed that in magnetic fields with a characteristic strength value of about 1 kG, and with electric potentials up to 1 kV inside the volume with the linear size not exceeding 100 cm, the separation of ions of spent nuclear fuel is feasible, even if their energies lie in the range from 0.2 eV to 3 eV.
Earlier publications of the current authors [17−19] re-ported the progress made thus far in understanding the method of plasma-optical mass separation and the requirements imposed on the mass separator. Theoretically, and using the method of numerical calculations to a collisionless regime, we determined the trajectories of the ions of a multicomponent mixture during their movement between the plasma accelerator and the cylindrical collectors of separated particles, located in a separated volume, and ascertained the degree of influence on the collectors' position of the longitudinal magnetic field in the separating space and of the finite size of the azimuthator, which is particularly clearly pronounced for light ions. It was shown that the radial velocity acquired by the ions in the azimuthator leads to a radial spread of the trajectories of the ions which can be reduced by optimizing the azimuthator's geometry. Also, we pointed to some methods of eliminating the influence upon the ion distribution function of the energy of collective collisions which remove the system from the category of plasma-optical systems. The process of plasmaoptical mass separation includes three consecutive steps: plasma generation separation of ions by their masses and collection of ions on the collectors. Our main concern in this paper (experiment, theory and numerical modeling) is the regularities of the separation of ions by their masses, i.e. the main phase of the process determined by the azimuthator of the separator. In addition, we demonstrated the influence upon the quality of separation of a spatial (uncompensated) charge of the ions moving in the plasma flow.
Experimental set-up and diagnostics
The experiments were performed on the model of the POMS-E-3 plasma-optical mass separator [19] , which includes three main units: the axisymmetric plasma source, the separator of the ion flow by masses (azimuthator), and the device for collecting ions on individual collectors (Fig. 1) .
The plasma source, represented by a two-stage plasma accelerator (AC) with an anode layer (positions 1-5 in Fig. 1 ), was used to generate a plasma flow of nitrogen, argon, krypton or of their mixture, with a broad spectrum in energy. To create a radial magnetic field in the AC we used two independent coils with magnetic circuits, featuring both individual and combined areas. The value of transverse magnetic field induction in the anode region is B AN ≤ 0.03 T. In this case, the energy W , corresponding to the maximum of the ion flow distribution function, is related to the value of magnetic field induction in the anode region as W ∼ KB 1/2 AN (K is a constant). The accelerator is functional at discharge voltage U AC = 500 V to 1300 V with discharge crrent I AC ≤ 100 mA, and at the pressure of plasma-forming gas in the AC P ∼ 10 −3 Torr. The separator of the ion flow in masses, azimuthator 1, is combined with the AC cathode. The radius of the central trajectory of the azimuthator's window R =90 mm, and the size of the window in radii ∆r = 5 mm (r min = 87.5 mm, and r max = 92.5 mm). The radial component of the magnetic field in the azimuthator which "separates ions by masses" and determines the value of the azimuthal velocity of the ions is B AZ = 0.15 ÷ 0.4 T.
The device for collecting ions on the individual collectors is the separating space of POMSE-3. It includes coil 7 for generating a longitudinal (B z ) magnetic field up to 0.024 T, with two cylindrical electrodes 8 and 10 placed inside the coil; the two cylinders' diameters are 2r 2 = 678 and 2r 1 = 92 mm, respectively, and they serve to generate a radial electric field E r . The system for generating E r also includes thirteen axial electrodes 11 at each end of the separation chamber. In the experiments conducted, B z = 0 and E r = 0
The plasma density in the escaping flow in the separation region did not exceed n ≈ 10 15 m −3 . The electron temperature T e , calculated near the floating potential from volt-ampere characteristics of the plane Langmuir probes aligned along the flow, was 15-25 eV. The plasma density, electron temperature and potential distributions are inhomogeneous in radius and "keep track" of the movement of the plasma flow along the radius of the separating volume.
The plasma flow electrons, as well as the electrons of the secondary plasma generated in front of and in the region of the azimuthator, do not pass through the azimuthator: the Langmuir and hybrid radii are much smaller than the longitudinal (along the z axis, along the flow velocity) size ∆ of the azimuthator. Therefore, at the azimuthator output the ion density is always larger than the electron density n i > n e , and the plasma potential Φ pl (r) takes a value from 0 V to +240 V, depending on the mode of operation of the azimuthator. The plasma potential was measured using an emission probe.
The residual gas in the separating space of POMS-E-3 (operating pressure P ≥ 10 −4 Torr) is ionized by ultraviolet radiation of the AC plasma and in the process of collisions with the flow ions and electrons the residual gas atoms become ionized. This produces a secondary (background) plasma, which leads to a partial self-compensation of the spatial charge of the ion flow.
The ions with a broad energy spectrum of an equal mass M B in the azimuthator gain equal azimuthal ve-
and, under the effect of the centrifugal force, they are distributed in the separating space in radii, depending on their initial energies. Near the axis of the azimuthator's window there remain ions with maximum energies; the ion energy decreases with an increase in the radius (at a fixed distance z from the azimuthator). In our experiments, we studied the separation of ions for different values of magnetic induction in the azimuthator and for different degrees of compensation of the spatial charge. As the main characteristic of the separation process, we used the energy distribution function of ions. The measurements were performed in the separating space at different z and r by means of a movable energy analyzer with its retarding potential (RFA) adapted to measurements in the presence of the secondary plasma having a positive potential so that the overlapping of the spectra of the ions of the flow under study and the secondary plasma was excluded in the energy region W ≤ Φ pl . Furthermore, it was possible to exclude errors in measurements of the ion current of the analyzer's collector arising from ion-electron emission.
Separation-experiment
The operating pressure in the separating volume of POMS-E-3 was maintained as low as possible for the existing pumping system: P ≤ 4×10 −4 Torr, which prevented the ion distribution function from an appreciable influence [1] on the collective interaction of the ion flow with secondary plasma ions. Energy spectra were recorded at distances z= 310 mm and 500 mm from the azimuthator along the radii r ≈ 96 mm to 310 mm at a radial increment of 20 mm. To monitor electron density and temperature eight Langmuir probes were placed at z= 310 mm and 500 mm. The probes were separated at intervals of ∆r ≈ 3 mm. The discharge voltage of the plasma accelerator was maintained at 900 V. The radial component of magnetic field induction in the azimuthator assumed two values 0.286 T and 0.385 T and the magnetic induction on the AC anode was 0.0312 T and 0.0408 T, respectively 3.1 With no compensation of the spatial charge of the ion flow Fig. 2 gives an example of the processing of experimental results where no additional measures were taken for the compensation of the spatial charge by means of an external source of electrons. In this case, the position of nitrogen ions at z= 310 mm was monitored, with the mean value of magnetic induction in the azimuthator being B AZ = 0.286 T. The ion distribution function showed three dots corresponding to the most probable energy (maximum dI/dW ) and two values at the 0.5 level of the dI/dW = f (W ) curve on the low and high energies sides relative to W max . As a result, we obtained the region in which the nitrogen ions of different energies mostly resided. A similar processing was carried out for the case where the plasma-forming gases were represented by argon and krypton. Comparison of experimental results with calculated regions of the localization of ions did not show any satisfactory agreement: the calculated trajectories (at a fixed z) lie on smaller radii. As was ascertained subsequently, the reason behind this was the presence of an additional radial electric field (directed toward an increase of r) which appeared self-consistently in the ion flow due to the presence of an uncompensated spatial charge.
With compensation of the spatial charge of the ion flow
The subsequent series of experiments, aimed at ensuring quasineutrality of the ion flow, were conducted by using two additional sources of electrons in the separating space: the electron plasma gun and the thermal electron source. The flow from the electron plasma gun led to an increase in the secondary plasma electron density and temperature, which distorted the distribution function of the ions being separated: a relaxation of the spectra of ions toward low energies occurred. The thermoemission ("cold" not from the plasma gun) electrons only slightly increased the density of the secondary plasma and did not distort the distribution function. Hence, we subsequently used tungsten cathodes as the sources of electrons. In addition to the heating potential, a negative potential was applied to the tungsten cathodes, not exceeding 10 V in amplitude. It was also found that the additional electrons must be "deposited" directly at the azimuthator output to ensure the calculated trajectories of the separation. Fig.3 Energy distribution function of krypton ions for the separation of the flow in the separating space of POMS-E-3; we used the spectra with the most probable energies at a given z. With compensation; UAC = 900 V; BAZ = 0.385 T. 1 z= 0 mm (azimuthator output, r = R= 90 mm, the values of dI/dW are divided by 10); 2 z= 310 mm (r= 157 mm); 3 z= 500 mm (r= 210 mm) Fig. 3 plots the evolution of the distribution function of krypton ions during the separation of the ion flow in the separating space of POMS-E-3. It is seen that the amplitude of the signals decreases with an increase in the distance from the azimuthator-with a change in the geometry of the divergent flow-and the radius for recording the spectra with the most probable energy (with maximum values of dI/dW ) increases.
An obvious influence of the spatial charge is seen in the information provided by the plots in Fig. 4 , where spectra 1-3 are taken with no compensation and 4-6 along the same radii but with compensation (the distance z from the azimuthator is the same everywhere). In addition to the centrifugal force set in the azimuthator, the ions of the uncompensated flow are acted upon by the electric field of the spatial charge, shifting them toward larger radii, i.e., toward the external cylindrical electrode of the mass separator.
The operation of the azimuthator is illustrated in Fig. 5 , which plots for a fixed distance from the azimuthator z= 310 mm the dependencies representing the radial distribution of ions of three gases at two values of B AZ : 0.286 T (a) and 0.385 T (b). To construct the curves we used the values corresponding to the most probable energies W imax . The trajectories of ions vary in accordance with the set of the magnetic and the azimuthal velocity in the azimuthator. At a distance z= 500 mm the trajectories for all ions are impossible to construct as the nitrogen ions no longer reach this place, having "deposited" on the external cylindrical electrode 8 ( Fig. 1) . The ions of the three gases show a broad energy spectrum; therefore, they are mixed together during the separation in the equipotential separating space; along this radius, two types of the three-component flow overlap considerably.
Separation of the uncompensated flow of ions-theory and numerical calculations
Let our focus here be to theoretically obtain a dependence of the position of the most probable energy on the radius, at a fixed distance from the azimuthator. To accomplish this requires constructing the trajectories of the ions of a non-monoenergy annular flow r(z, v z ) on the r-z plane. The trajectories of the ions are determined by the azimuthal velocity v ϕA at the azimuthator output, and by the longitudinal v z velocity which remains constant in the separating space. Our treatment will be carried out within the electron zero temperature approximation. Furthermore, along a radial direction in the case of a compensated ion flow (n i = n e ) leaving the slit of the azimuthator, the ions are acted upon by the centrifugal force only, whereas in the case of an uncompensated flow (n i = n e ) it also incorporates the radial component of the electric field arising from a difference in ion and electron densities in the plasma flow. Let us now make a comparison of the trajectories of the ions for these two cases.
For steady-state conditions the ion flow along the trajectories
remains unchanged, where dvz ∆v z , we obtain the ion density at point
.
The departure of the ion flow along a radial direction from the longitudinal motion will be considered small. For an uncompensated flow we can then neglect the electric field component along the zaxis in comparison to the radial component E r . It will also be assumed that at any point (z, r(v z , z) ) the departures from quasi-neutrality ∆n[z, r(v z , z)]
, where ε is a small constant parameter throughout the volume. Then, in accordance with the Gauss theorem, for a cylinder of length ∆z and radius r(z,v z ) we can develop the following relation:
where
The radial motion of an ion of mass M , escaping with the velocity v z from the azimuthator, is described by the following equation of motion:
Since 
1/2 ; then Eq. (4) can take on the form:
ρ . We obtain the solution to this equation with the boundary conditions ρ(0)=1, dρ dx (x = 0) = 0 in the form of an integral equation:
Let us consider the approximation γ << 1, which can be ensured by the smallness of the parameter ε. As a linear approximation with respect to γ, from Eq. (5) we have
On calculating the integrals in Eq. (6), we obtain the relation
We now denote the expression within braces as G(ρ) and revert to a dimensionless coordinate ξ:
At a fixed ξ, Eq. (7) yields a dependence of ρ on ω. In order to construct a plot of this dependence, it is necessary to know the values of γ and B AZ ∆. We determine them by referring to experimental data. It follows from the determination of η(ω) that η(ω) → 0 when ω → ω max = W max /eU AC ; therefore, at ω close to ω max , Eq. (7) may be written as
Eq. (8) holds for every ω with a fully quasi-neutral ion flow when γ = 0. For the actual uncompensated flow we select an experimental point with the maximum value of ω and the minimum value of ρ and, according to Eq. (8), we determine the value of A and the parameter B AZ ∆. For all the other experimental points of ρ exp (ω), from Eq. (7) we determine the values of the parameter γ, and then we find the mean value of γ. Using this mean value we construct, in accordance with Eq. (7), the plot of ρ(ω). The dependencies of ρ on ω, reduced to the variables r and W , are plotted in Fig. 6 for argon ions when z= 310 mm. The parameter B AZ ∆ = 1.18×10 −2 T·m. Curve 1 (Fig. 6 ) is constructed for a quasi-neutral compensated flow from Eq. (8); curve 2 for a partly compensated (γ = 0.114) flow and curve 3 for an uncompensated flow withγ = 0.35. It is evident that the dependence ρ(ω) with compensation has smaller values of parameterγ and approaches the dependence ρ 0 (ω). The figure also shows the experimental values for the cases with no charge compensation (dots) and with charge compensation (diamonds).
Discussion
The trajectories of different-energy ions traveling in the separating space of POMS-E-3 along a length z= 310 mm gather radial departures from calculated values as much as 40 mm. Calculations show with good accuracy (dots and curve 3 in Fig. 6 ) that this is possible when the ions are constantly acted upon by an electric field arising from the charge separation, E r ≤ 1 V/m, increasing from E r = 0 V/m at r= 9 cm to E r ≈1 V/m at r= 30 cm. However, the results of experiments with compensation (diamonds in Fig. 6 ) differ from calculations for the case of full compensation withγ = 0 (curve 1 in Fig. 6 ) but are in fairly good agreement with calculations for the case of incomplete compensation withγ = 0.114. The difference with the case of full compensation here might be due to the insufficient compensation of electron current. On the other hand, this may be accounted for by the presence of an additional radial electric field E r1 , which has a different origin (not arising from the charge separation). An estimation yields E r1 ≤ 0.4 V/m (E r1 ≈ 0 V/m at r= 9 cm; E r ≈ 0.4 V/m at r= 30 cm). Such a field can be caused by the electron pressure gradient which we neglected in the present theoretical treatment.
Conclusions
In our experiments on the model of the POMS-E-3 plasma-optical mass separator, we largely obtained the expected experimental results on the separation of fluxes of non-monoenergy ions of different masses. We determined the trajectories of the ions for a number of tolerable (for the separator model) values of discharge voltages in the plasma accelerator and magnetic fields in the azimuthator. It was found that the separation of ions by masses exhibits characteristic features which would arise when the plasma flow passes through a strong transverse magnetic field of the azimuthator, and this leads, among other things, to the separation of the plasma into two components, ions and electrons. The flow becomes non-quasi-neutral and there arises an electric field which shifts the trajectories of the ions from the calculated values as they escape from the separating space. The requirements for a source of compensation electrons were determined, including the standpoint of its position in POMS-E-3.
It has been shown that collective processes do not have any appreciable influence on the ion distribution function all the way within the mass separator model.
There exists a spatial overlapping of different-mass ion flows in the r-z space of POMS-E-3, which, as shown by calculations, may be tolerated. Subsequently, when the separating volume of the POMS-E-3 mass separator, the Hughes-Rozhanski energy analyzer [15] , creates a collecting (analyzing) radial electric field, nitrogen, argon and krypton will each be deposited on its relevant collector. The demonstration of this is the goal of future experiments. To achieve this calls for further investigation and for identification of the regularities of the passage of plasma across the magnetic barrier of the azimuthator by ensuring minimal losses of ion current generated in the plasma accelerator.
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